Hydrothermal carbonization technology can convert fecal waste into a valuable carbonaceous product referred to as hydrochar. We investigated the potential of fecal waste-derived hydrochar as an adsorbent for virus removal in water treatment. Swine feces was hydrothermally treated under two conditions: at 180 W C for 2 h and 230 W C for 7 h. The resulting solid products (hydrochar) were evaluated as virus adsorbents in water treatment. Simultaneous removal of pathogenic rotavirus (RV) and human adenovirus (HAdV) was investigated using a sand column set-up of 10 cm bed height with and without hydrochar supplement (1.5%, w/w). The removal efficiency of both viruses in a hydrochar-amended column was >3 log (complete removal). The amount of virus released in deionized water when flushed into the virus-retaining columns indicated that the secondary energy minimum played a more important role in RV retention than that of HAdV. Zeta-potential and hydrophobicity measurements on hydrochar materials indicated that the improved virus removal performance of hydrochar-amended columns was induced by the provision of extra hydrophobic surfaces. This study provides evidence that fecal waste-derived hydrochar can be used as a competent virus adsorbent. Key words | fecal waste, hydrothermal carbonization (HTC), polymerase chain reaction, sand filter, virus, water treatment issue, conventional centralized water treatment systems are inappropriate in places in need due to technical and financial limitations (Bartram et al. ). Instead, simple and low-cost decentralized (point-of-use) technologies such 754 Figure 3 | Adenovirus BTC at a flow rate of (a) 1 mL/min, (b) 2.5 mL/min and (c) 5 mL/min: Solid lines represent the mean log removal values (Àlog C/C 0 , LRV) of duplicated breakthrough experiments and error bars indicate the individual data points from each column. Virus concentrations were measured by using qPCR. Note that the DI water flushing started at 100 mL. The log removal values of samples under the detection limit were presented as C0. Columns: (□) Sand, (Δ) 180-HTC and (○) 230-HTC. 760 J. W. Chung et al. | Virus removal using sand columns supplemented with hydrochar Figure 4 | Rotavirus BTC at a flow rate of (a) 1 mL/min, (b) 2.5 mL/min and (c) 5 mL/min: Solid lines represent the mean log removal values (Àlog C/C 0 , LRV) of duplicated breakthrough experiments and error bars indicate the individual data points from each column. Virus concentrations were measured by using RT-qPCR. Note that the DI water flushing started at 100 mL. The log removal values of samples under the detection limit were presented as C0. Columns: (□) Sand, (Δ) 180-HTC and (○) 230-HTC. 761 J. W. Chung et al. | Virus removal using sand columns supplemented with hydrochar
INTRODUCTION
Provision of adequate sanitation and clean water is an important challenge for public health in many developing countries. In spite of international efforts and notable progress in the last decades, still over 700 million people are disconnected from improved drinking water sources, and 2.5 billion do not have access to proper sanitation (WHO & UNICEF ). In urban areas of developing countries, where sewer systems and sewer-based fecal waste treatment systems are not affordable, on-site sanitation technologies are predominantly used generating large quantities of untreated fecal waste which causes extensive environmental contamination (Koné ) .
One of the main threats induced from improperly managed fecal waste is microbial contamination in surface water and groundwater of peri-urban areas (Katukiza et al. ) .
Large quantities of highly infective enteric viruses are shed in feces of infected persons: 10 5 -10 11 virons/g feces of infected person (Farthing ; Yezli & Otter ) . They are considered to be responsible for outbreaks of waterborne diseases (Bosch ) . Similar to the sanitation as a biosand filter, a ceramic filter, solar disinfection and chlorination (combination with flocculation) have been recommended as affordable solutions for safe drinking water provision (Sobsey et al. ) . These technologies have, however, relatively limited removal capacities for pathogenic viruses (Sobsey et al. ) . Application of hydrochar as an adsorbent in water treatment for pathogen removal is still in its infancy. Chung Virus-contaminated materials were disinfected by autoclaving at 121 W C for 20 min.
Virus quantification
The nucleic acid of the virus contained in 100 μL of each sample was extracted by using chaotropic buffers and silica colloids as previously described ( 
Material characterization

Zeta potential
The zeta potential values of the two types of hydrochar were determined in the pH range 4-10 using a Zetasizer Nano ZS (Malvern, UK) equipped with a MPT-2 pH auto-titration unit.
The hydrochar sample was washed three times by being sus- 
Column experiments
Column preparation
The virus removal efficiencies of both hydrochars (180-HTC and 230-HTC) were investigated by performing breakthrough analyses in a simple sand filtration set-up as described previously ( 
Design of the virus removal experiments
To investigate the simultaneous removal of RV and HAdV, both types of viruses were seeded in the influent AGW. Table 1 . The yield of solid product was 14.1% higher for 180-HTC than 230-HTC. In contrast, the volume of gaseous product was twice more with 230-HTC than with 180-HTC. Though the proportion of the carbonaceous contents in solid products increased from 76% (dry swine manure) to ∼80% during both HTC processes, only 50-60% of the total carbon input was recovered in the hydrochars (Table 1 ). It was apparent that a certain amount of volatile organic matter in the feedstock was converted into different forms such as fixed carbon in hydrochar, soluble products in the process water or gaseous products. Only around a quarter of the volatile organic matter in the feedstock was recovered in both hydrochars.
Material characterization
Zeta potential
The zeta potential values of both 180-HTC and 230-HTC were all negative in the pH range 4-10 ( Figure 2 ). This observation implied that slightly stronger electrostatic repulsion existed in the columns with 230-HTC (À16 mV) than the ones with 180-HTC (À13 mV) at the operational pH of AGW (pH 6.8).
Hydrophobicity
Comparable contact angle results were obtained from both 
Column experiments
The BTCs of HAdV and RV are given in Figures 3 and 4 , respectively. The virus concentration in the effluent was expressed as a log removal value (Àlog C/C 0 , LRV). Regardless of the virus type or the flow rate, all experiments conducted in the sand-only columns produced BTCs with a typical pattern consisting of a falling limb, a plateau phase and a rising limb (Figures 3 and 4) . It was common that the falling limb started from 10 mL, and arrived at the plateau phase at around 20 mL. Then, the rising limb appeared at around 65 mL, followed by a transition phase which clearly separated the virus release between the loading-deloading and the DI water flushing.
The depth and duration of the plateaus varied depending on the flow rates. In general, low flow rates resulted in shallower and shorter plateaus, or in higher removal efficiencies than when using higher flow rates ( Table 2 ). The highest virus removal efficiency of sand-only columns was 1.3 log at 1 mL/min flow rate. At the higher flow rates, the virus removal efficiencies ranged from 0.6 to 1.2 log (70-93%).
Interestingly, at flow rates of 2.5 and 5 mL/min, RV was observed in the effluent samples from the sand-only columns throughout the breakthrough experiments. LRVs in the transition phase decreased from 2.7 to 2 as the flow rate increased from 2.5 to 5 mL/min (Figure 4(b) and 4(c)). It was apparent that a part of the RV deposited on the surface of the sand media had been continuously detached. This phenomenon was not observed in HAdV BTCs obtained from sand-only columns.
In contrast, the sand columns amended with either 180-HTC or 230-HTC did not release any viruses at 1 mL/min flow rate during either the loading or deloading phase, resulting in complete removal (Figures 3(a) and 4(a)). Different from the typical breakthrough pattern shown in sand-only columns, only irregular release of viruses at low concentrations (LRV >2) was observed at higher flow rates (Figures 3(b), 3(c) and 4(b), 4(c) ).
Hence, due to the amendment of the sand columns with hydrochar, total removal efficiencies improved (Table 2 ). In terms of virus removal, both hydrochar types did not have a significant difference. Due to the decrease in the virus removal efficiency of sand-only columns at higher flow rates, the effect of hydrochar amendments became more apparent at higher flow rates (2.5 and 5 mL/min): in those flow ranges, the virus removal efficiencies of hydrochar-amended columns ranged from 2.1 log to complete removal (99-100%).
In general, the viral detachment upon flushing with DI water was larger for RV than HAdV for all experimental conditions employed (Table 2) . Under the employed experimental conditions, it was apparent that the increase in the flow rate does not have a clear impact on the amount of virus released. Though it could be speculated that the role of the secondary energy minima in the RV retention by the sand-only column was more significant at 5 mL/min than the lower flow rates, the result should be carefully interpreted because of the possible effect of increased physical stress that might have facilitated the viral detachment, shown as a decrease in LRV during the transition phase (Figure 4(c) ). This could lead to overestimating the mass of RV residing in the secondary energy minimum. 
DISCUSSION
Improved virus removal with hydrochar supplement in sand columns
This study showed that the virus removal efficiency of sand columns was significantly increased by supplementing hydrochar (1.5%, w/w) to the column media ( Table 2) .
The Another mechanism that likely contributed to the RV and HAdV removal is viral deposition in flow stagnation zones:
viruses would be retained without direct contact to the hydrochar surface, but immobilized by the hydrochar surface owing to the secondary energy minimum ( 
HTC for fecal waste treatment
The difference in reaction intensity during the hydrochar production resulted in a different hydrochar yield and composition ( Figure 1 and Table 1 ). However, no clear difference in virus removal efficiency between 180-HTC and 230-HTC was observed for all experiments (Table 2 ). If we limit the potential use of hydrochar to a virus adsorbent in groundwater treatment, HTC produced at 180 W C could be a more attractive option due to the higher hydrochar yield (Table 1) and lower energy requirement during its production. Higher temperatures and extended reaction times in HTC production at 230 W C yield more operational costs. Also, the higher pressure induced in 230-HTC might necessitate a more pressure-resistant reactor, which will increase the capital costs.
Sustainable implementation of fecal waste treatment with HTC would be feasible in cases where the cost needed for HTC is lower than current treatment in specific cases (e.g. planted or unplanted sludge drying bed) or when the cost can be compensated by the benefits from HTC products (Koné ) . Since the economic value of 
CONCLUSIONS
This study showed the following: (iv) During DI water flushing, more release was observed for RV than HAdV despite the similar size and shape of both viruses. Apparently, the contribution of the secondary energy minimum in the virus retention was more determined by the surface characteristics of the viruses than their size and shape.
